The hydrodynamic effect on the phase separation dynamics of chemically reacting binary mixtures is investigated based on the extended model H. Our simulation results reveal that many interesting patterns are obtained under different chemical reaction rates due to the coupling of hydrodynamics and chemical reaction. For the case of high reaction rate, when the average order parameter at equilibrium is equal to zero, spiral structures appear due to the delicate coupling between the hydrodynamic flow and chemical reaction regardless of the value of initial order parameter. When the chemical reaction rate is low, the pattern observed under the critical quench seems like the result of double phase separation. On the other hand, under the off-critical quench, at the same low chemical reaction rate, phase inversion behavior is observed, and it is aggravated under the hydrodynamic flow. Moreover, the domain growth kinetics under both critical and off-critical quenches is investigated.
I. INTRODUCTION
The phase separation coupled with chemical reaction has been intensively studied in the past decades, due to the possibility that greater variety of domain morphologies in the equilibrium state can be obtained even in the system coupled with simple reversible isomerization chemical reaction. 1 In a chemical system, the domain patterns and phase separation dynamics are strongly influenced by changing the control parameters such as the chemical reaction rates and the initial concentration of two components, etc.
2,3 As a matter of fact, for the polymer mixtures, a new type of pattern was observed experimentally when the phase separation is coupled with transesterification reaction. 4 The photo-cross-linking reaction was introduced to the binary or ternary polymer mixtures to experimentally investigate the coupling of phase separation and chemical reaction by Tran-Cong. [5] [6] [7] [8] [9] [10] It is found that the mesoscopic ordering processes happened in the binary polymer mixtures where only one polymer component was selectively cross linked by irradiation with ultraviolet light, and the mixture exhibits a variety of mesoscopic structures such as spatially modulated, concentric ͑target͒ and/or labyrinthine patterns in the micrometer range. 7 A ternary polymer blend with two components photo-cross-linked independently in its miscible region exhibits the morphology with multiple length scales. 10 In order to understand the experimental observations, many numerical simulations were carried out by using different model equations and methods. Furukawa performed numerical simulations by using the time-dependent Gintzburg-Landau ͑TDGL͒ equation, and obtained concentric patterns by introducing nuclei into the system. 11 The target patterns can also be achieved by shifting phase diagram of the system, same as changing the quench depth of free energy in TDGL without any additional nuclei. 12, 13 Moreover, some other methods, such as Monte Carlo simulation, 14 molecular dynamics simulation, 15 and dynamic mean-field density functional method, 16 were also used to study the polymerization-induced phase separation. The numerical simulation of a binary mixture containing the competition between phase separation and a reversible isomerization reaction was first carried out by Glozter 17 using Monte Carlo simulation, and it is found that the patterns arising during phase separation could be stabilized and tuned by chemical reactions. More detailed studies show that the TDGL equation in this kind of system is similar to that of block copolymer system with the free energy derived by Leibler, Ohta, and Kawasaki. 18, 19 Numerical simulation 20 and selfconsistent solution 21 of the chemically reaction system, based on the TDGL equation, show the competing shortrange and long-range interactions give rise to steady-state, spatially periodic structure as that in block copolymers. Similar studies have also been done by Christensen 22 based on the same TDGL equation, and by Toxvaerd using molecular dynamics simulation. 23 Motoyama and Ohta 1 carried out the investigation of morphology of phase separating binary mixtures with a reversible chemical reaction, and first pointed out that chemical reaction can chance the average volume fraction during the phase separation. However, so far, all these studies were investigated in the absence of hydrodynamic effects.
It is well understood that the hydrodynamic effects play an important role in the late stage of phase separation of fluid mixtures with no chemical reaction. 24 The results from many numerical simulations of spinodal decomposition of binary mixtures in two-dimensional system show that for critical composition the domain growth follows a law as R(t)ϰt 2/3 , 25 and the growth exponent is a universal constant.
a͒ Author to whom correspondence should be addressed. Electronic mail: ylyang@scrap.stc.sh.cn However, some evidences show that the competition between diffusive and hydrodynamic growth leads to a breakdown of scale invariance, and as a result, the coarsening of the domains in phase separation of binary fluids is not a scale-invariant process. 26 For an off-critical mixture, the simulation results show R(t)ϰt 0.46 . 27 However, Chen 28 has pointed out that the hydrodynamic effects are important only for blends with volume fraction not far away from the critical composition. They found that, even in those cases, the domain growth follows R(t)ϰt 1/2 at intermediate stage and then crosses over R(t)ϰt 1/3 behavior at late stage, and thus concluded that the hydrodynamic effects control the domain size at the intermediate stage, while the domain growth at the late stage is again dominated by diffusion.
In this work, we are concerned with the case of phase separation of binary mixture coupled with reversible isomerization chemical reaction, where the hydrodynamic effects are fully considered. The dynamics of phase separation is described by the model equations known as model H, 29 and the formalism describing the flow equations was discussed in detail by Fredrickson. 30 Furthermore, we do not restrict ourselves to the composition symmetric system, i.e., the offcritical compositions are also considered.
II. MODEL EQUATIONS AND SIMULATION ALGORITHM
In this paper, we consider a binary mixture ͑A and B͒ with reversible isomerization chemical reaction of
where ⌫ 1 and ⌫ 2 are the forward and backward reaction rates, respectively. Without consideration of hydrodynamic effects, the motion equations for the local volume fractions of A and B components ( A and B ) are derived from Glozter, 20 and the equation of motion for the binary system is given by
where F() is the usual free-energy functional of the binary mixture, given by Ginzburg-Landau form
͑3͒
where the positive constants , g, and K are phenomenological parameters. ϭ A Ϫ B is the order parameter, with A and B being the volume fraction of two components, respectively. Equation ͑2͒ can be rewritten as
with the newly defined pseudo-free-energy functional 21 H͑ ͒ϭF͑ ͒ϩ ␣ 2
where G is the Green's function, which satisfies ٌ 2 G(r,rЈ) ϭϪ␦(rϪrЈ). ␣ϭ⌫ 2 ϩ⌫ 1 , and ϭ(⌫ 2 Ϫ⌫ 1 )/(⌫ 2 ϩ⌫ 1 ). The parameter, , determines the spatial average of (r) in the final equilibrium state.
In order to include the hydrodynamic effects, the phase separation dynamics should be described by the following model H:
In Eq. ͑6͒, M is the mobility parameter, and H() is the pseudo-free-energy functional, the same as that of diblock copolymer, 31 which is given by Eq. ͑5͒. Equation ͑7͒ is the modified Navier-Stokes equation with the term as the driving force on the velocity. Here, v͑r͒ is the local velocity field, P is the pressure, is the density, and is the viscosity.
Equation ͑6͒ can be written as
The cell dynamics scheme ͑CDS͒ proposed by Oono and Puri 32 is used in the simulations, and the Landau form of Ϫϩ 3 Ϫٌ 2 is replaced by the form of ϪA tanh ϩ ϪDٌ 2 , where A is a phenomenological parameter greater than 1, characterizing the quench depth, and D is an interfacial parameter. In our simulations, we set Aϭ1.3, Dϭ0.5, and Eq. ͑8͒ is solved in real space.
Here, we consider the system is incompressible, i.e., ٌ
•vϭ0, and assume that ‫ץ‬v/‫ץ‬tϭ0 for noticing that the of the polymer blends is not too small. Then, Eq. ͑7͒ can be rewritten as
In order to solve the above equation, it is convenient to rewrite Eq. ͑9͒ in the following form in Fourier space:
where v k and f k are Fourier transforms of v and f ϭٌ(␦F/␦), respectively; T k , the Fourier transform of Oseen tensor, takes the simple form
͑11͒
with I being the unit tensor. In this paper, the simulations are performed on a twodimensional 256ϫ256 square lattice with the periodic boundary conditions in both directions. We choose the lattice size ⌬xϭ⌬yϭ1 and the time step ⌬ϭ0.2 to ensure the stability. The value of is changed to control the fluidity.
The initial order parameter of the system is chosen randomly in the profile of ϭ ini Ϯ0.025, with ini being the initial spatial-averaged order parameter. The measurement of domain size R(t) is given by an interface statistical method,
with L x and L y being the lattice points along the x-and y-axis directions, respectively. The interface length, L I , is given by counting lattice points of the discrete space, where (r)(rЈ)Ͻ0, with r and rЈ being the nearestneighboring lattice points.
III. RESULTS AND DISCUSSIONS

A. Critical components with ini Ä0 and Ä0
In this case, the mixture is a critical system with initial order parameter ini ϭ0. When the forward and backward reaction rate constants are equal, the order parameter in equilibrium ϭ0 too. In order to examine the hydrodynamic effects on the phase separation of the binary mixture coupled with reversible isomerization chemical reaction, we focus on three different values of reaction rates and two different fluid viscosity values; one is low to consider the hydrodynamic flow, and another is high enough to ignore the hydrodynamic effects. The simulated patterns at tϭ10 000 are summarized in Fig. 1 . It is seen from Fig. 1 that, for different chemical reaction rates, when the value of viscosity is high enough ͑ϭ100͒, namely the hydrodynamic effects are unimportant, the bicontinuous lamellar morphologies are observed, and the width of lamellar structure decreases with the increase of reaction rates. It is well known that the reversible isomerization reaction leads to the mixing of two components, which is contrary to the phase separation process. The competition between mixing ͑isomerization chemical reaction͒ and coarsening ͑phase separation͒ leads to the appearance of steadystate periodic patterns in equilibrium. These results resemble those observed by using model B ͑without hydrodynamic effects͒. 1 When the viscosity is low ͑ϭ1͒, the hydrodynamics plays important role in the binary mixture with reversible isomerization chemical reaction; a variety of interesting patterns are observed due to different reaction rates. At relatively low reaction rates (⌫ 1 ϭ⌫ 2 ϭ0.0001), the mixing effect due to chemical reaction between two components is weak. The pattern obtained at tϭ10 000 in this case is shown in Fig. 1͑a͒ with ϭ1, which is quite different from that obtained in Fig. 1͑a͒ with ϭ100. To study the pattern difference due to hydrodynamic effects more clearly, the corresponding pattern evolution of the case with ϭ1 is shown in Fig. 2͑a͒ . It can be seen that the phase separation first leads to the formation of the usual domains, and then inside the initially main domains a secondary phase separation takes place and forms many smaller droplets, which agrees with the results of numerical simulation of fluid mixtures using model H by Tanaka 34 and lattice Boltzmann simulation by Chin. 35 This phenomenon is called ''spontaneous double phase separation'' by Tanaka, and the mechanism of this unusual phenomenon is that the domain coarsening due to hydrodynamic effects is too fast for the order parameter to diffuse to local equilibrium. 34 However, in our case of such a low reaction rate, we still doubt whether the chemical reaction has an effect on the phase separation. To eliminate this doubt, we examine the pattern evolution process of phase separation under the same condition, except that the reaction rate is set to zero. As expected, the obtained pattern is just as the usual pattern of fluid mixture with no reversible isomerization reaction. The domain coarsening is accelerated due to the hydrodynamic flow, but the unusual phenomenon of spontaneous double phase separation is not observed in this case. Therefore, it can be conjectured that the reversible isomerization chemical reaction with such a low reaction rate does lead to the double phase separation phenomenon. However, when increasing the reaction rate, the double phase separation phenomenon becomes not as pronounced as that observed in the case of low chemical reaction rate.
The pattern obtained for the intermediate reaction rate (⌫ 1 ϭ⌫ 2 ϭ0.001) with hydrodynamic effects is shown in Fig. 1͑b͒ with ϭ1 . It is seen that the steady-state pattern shows many droplets dispersed in the matrix constituted by the opposite phase. From the pattern evolution shown in Fig.  2͑b͒ , it is seen that, at the early stage, domains appear just as those of usual spinodal decomposition of binary mixture, but after this stage many new domains are created inside the initially established domains and then grow gradually. We should point out that the process presented here is not completely the same as the double phase separation mentioned before. In the present case, the chemical reaction rate is increased, and the secondary domains grow to the size similar to the magnitude of the first established domains. It is believed that the hydrodynamic flow assists the growth of newly created domains dominated by diffusion process. The delicate competition between the mixing of chemical reaction and the coarsening of phase separation leads to the unusual pattern. The similar droplet structure was experimentally observed due to the competition between phase separation and transesterification reaction, which occurred between polycarbonate ͑PC͒ and polyesters in the melt. 4 If the chemical reaction rate is increased to ⌫ 1 ϭ⌫ 2 ϭ0.01, besides the usual lamellar structure, some spiral and target structures appear in the steady-state pattern due to the impact of hydrodynamics, as shown in Fig. 1͑c͒ with ϭ1.
Similar characteristic morphologies were also observed in the numerical simulation of phase separation of block copolymer under hydrodynamic flow. 36 Figure 2͑c͒ shows the pattern evolution of our case. It is seen that, in the early stage, the pattern is constituted by the lamellar structure with many small screw dislocations. As time proceeds, some screw dislocations disappear and evolve to the usual lamellar structure, but the others grow to form the ordered spiral structure or target. We assume that there is a kinetic barrier aroused by the hydrodynamic flow. If the phase separation process dominated by chemical reaction can cross this barrier, the screw dislocation disappears and the general lamellar phase arises. On the contrary, the screw dislocations evolve increasingly to spiral phase if the barrier cannot be crossed. Therefore, the hydrodynamic effects should play a key role in the formation of spiral phase. To demonstrate the role of hydrodynamic flow, we specially show two typical local domain patterns and velocity fields at tϭ10 000 in Fig.  3 . The arrow represents the vector of velocity. In the lamellar structure, as shown in Fig. 3͑a͒ , the interface between two components is smooth, the magnitude of velocity in this location is relatively small, and the direction of velocity is almost parallel to the interface. In the spiral structure, as shown in Fig. 3͑b͒ , we can see that the magnitude of velocity ͑especially near the focus of the spiral͒ is relatively large, and the direction of hydrodynamic flow encircles the spiral. The hydrodynamic flow has an effect on the diffusion in the flow direction and makes the order parameter spatially anisotropic, and hence the spiral phase is formed.
The spiral structure is fascinating; thus, it will be interesting to see the spiral in three dimensions. Other parameters are the same as those in Fig. 1.   FIG. 3 . Typical local domain patterns and the corresponding velocity fields obtained with ini ϭ0, ϭ0, ⌫ 1 ϭ⌫ 2 ϭ0.01, and ϭ1 at tϭ10 000. ͑a͒ Lemellar structure, and ͑b͒ spiral structure.
FIG. 4. Domain patterns obtained from numerical simulations in 128
ϫ128ϫ4 system at tϭ20 000 ͑a͒ with and ͑b͒ without hydrodynamic effects. The initial order parameter ini ϭ0, and the order parameter in equilibrium ϭ0. The chemical reaction rate is ⌫ 1 ϭ⌫ 2 ϭ0.01.
the simulated pattern at tϭ20 000 with ⌫ 1 ϭ⌫ 2 ϭ0.01 and different viscosities. The simulations were run on a thin layer of 128ϫ128ϫ4 for mimicking the situation that the experimental sample is a thin film of a mixture. 4, 6, 7 From the simulation results, it can be seen that when the hydrodynamic effects are prominent, the obtained pattern is constituted by random lamellar structure, small screw dislocations, and spiral structure, as shown in Fig. 4͑a͒ . When the viscosity of system is high, the hydrodynamic effects become unimportant, and the obtained pattern is just constituted by random lamellar structures, as shown in Fig. 4͑b͒ . Therefore, it is confirmed further here that the hydrodynamic flow leads to the formation of spiral structure. Figure 5 shows the time scaling of domain growth. When hydrodynamic effects are prominent, as shown in Fig.  5͑a͒ , domain coarsening is a complicated scale-variant process due to the coupling of hydrodynamics and chemical reaction. For different reaction rates, the scaling laws of domain growth are quite different. In the case of low reaction rate, ⌫ 1 ϭ⌫ 2 ϭ0.0001, the domains grow via the 2/3-power law in the intermediate stage of separation. The growth exponent decreases with the increase of the chemical reaction rate. When the reaction rate increases to 0.01, the growth exponent decreases to 0.35 due to the strong mixing effect of reversible isomerization chemical reaction. Additionally, for the case of high reaction rate, the system attains its equilibrium state more quickly than the cases with lower reaction rates. For the case of intermediate reaction rate of ⌫ 1 ϭ⌫ 2 ϭ0.001, domain size presents a maximum before attaining the equilibrium state. Compared with the pattern evolution shown in Fig. 2͑b͒ , it is seen that the appearance of many secondary droplet domains make the average domain size descend. As time proceeds, these secondary droplets grow in size and the average domain size finally attains its equilibrium value. However, for the case of low reaction rate, ⌫ 1 ϭ⌫ 2 ϭ0.0001, it needs a much longer time to attain the equilibrium state.
Compared with the complicated time-scaling properties of domain growth shown in Fig. 5͑a͒ , the time scaling of domain size of the case with high viscosity value is relatively simple. In this case, hydrodynamic effects are unimportant and can even be neglected. The corresponding results are shown in Fig. 5͑b͒ . For the case of low reaction rate, after initial transient, the domain growth exponent is a typical constant of 1/3, just as the usual binary mixture without chemical reaction and hydrodynamic effects. For the other cases of relatively high chemical reaction rates, the domain size attains the equilibrium value after undergoing a relatively slow growth.
B.
Off-critical components with ini Ä0.1, Ä0, and ini Ä0.1, ÄÀ0.1
Here, we focus our attention on the phase separation of off-critical mixture. As mentioned before, for the binary mixture with reversible isomerization chemical reaction, the order parameter at steady state can be changed from the initial value, since it can be tuned by varying the relative amplitude of reaction rates of forward and backward reactions. Here, the initial order parameter is set to be 0.1, but the equilibrium one obtained is zero and Ϫ0.1, respectively, through changing the forward and backward reaction rates and following the variables defined in Eq. ͑5͒. Here, we still choose two kinds of fluid viscosity values and three kinds of chemical reaction rates to investigate the competition of hydrodynamic effects and chemical reaction. The simulated patterns with ini ϭ0.1 and ϭ0 are shown in Fig. 6 . When the chemical reaction rate is low, ⌫ 1 ϭ⌫ 2 ϭ0.0001, in both cases that the hydrodynamic effects are prominent or not, the expected bicontinuous pattern is not obtained despite the fact that the order parameter has attained the equilibrium value, ϭ0, as shown in Fig. 6͑a͒ . The disconnected structures in the matrix are still obtained even when the simulation time is extended much longer. Motoyama and his co-workers 1 observed the similar phenomenon in their simulations of the same system but without hydrodynamic flow, and explained that macrophase separation proceeds faster than the change of average order parameter due to the low reaction rate. However, one does not know the hydrodynamic effects clearly. It is seen from Fig. 6͑a͒ with ϭ1 that the isolated domains become more circular under the hydrodynamic flow. A possible
FIG. 5. Test of the scaling form R(t)ϰt
␣ at different chemical reaction rates with and without hydrodynamic effects. ͑a͒ ϭ1, and ͑b͒ ϭ100. The initial order parameter ini ϭ0, and the order parameter in equilibrium ϭ0.
interpretation is that when the hydrodynamic effects are prominent, compared with the mixing trends due to the chemical reaction, the demixing trends are more strongly assisted by hydrodynamic flow; hence, the domains reach their surface tension equilibrium much more easily and thus appear more nearly circular. At the intermediate reaction rate, ⌫ 1 ϭ⌫ 2 ϭ0.001, when the hydrodynamic effects are unimportant, the pattern displays more continuous structure than the case with low chemical reaction rate, although there are still many isolated domains in the matrix, as shown in Fig. 6͑b͒ with ϭ100. On the other hand, when the hydrodynamic flow presents, as shown in Fig. 6͑b͒ with ϭ1 , the isolated domains keep the shape of a circle, and the matrix looks like a network since the chemical reaction rate is not high enough to break up the network and make the disconnected domains penetrate each other.
The expected bicontinuous structures are observed when the chemical reaction rate increases to 0.01, as shown in Fig.  6͑c͒ . It is seen that when the hydrodynamic effects are not important, only lamellar structures are observed, as shown in Fig. 6͑c͒ with ϭ100 . Besides the lamellar structures, the spiral structures are obtained when the hydrodynamic effects are pronounced, as shown in Fig. 6͑c͒ with ϭ1 . Apparently, these patterns are almost the same as those of case A. These results may be understood as follows: When the reaction rate constant is relatively high, the mixing process due to the chemical reaction proceeds more quickly than the thermodynamically induced phase separating. The average order parameter attains its equilibrium value only after a short period, and then the time evolution of patterns proceeds just like that of the critical quench. Figure 7 shows the patterns of ini ϭ0.1 and ϭϪ0.1. It is seen that for the case of low reaction rate, as shown in Fig.  7͑a͒ , the interconnected phases of B-rich regions do not appear as expected, and as the hydrodynamic effects are prominent, the B-rich phase becomes more dispersed. They are in close agreement with those in Fig. 6͑a͒ . For the case of intermediate reaction rate, as shown in Fig. 7͑b͒ , a continuous pattern emerges along with some isolated A-rich phase, when the value of fluid viscosity is high enough ͑ϭ100͒. However, when the fluid viscosity is 1, even more disconnected A-rich domains appear in the matrix of B-rich phase, the B-rich phase does not penetrate each other, and some A-rich phase still keeps the network structure. However, for the case of high reaction rate constant, the B-rich regions appear completely as a continuous pattern as expected, regardless of the fluid viscosity, as shown in Fig. 7͑c͒ . The only difference is that the hydrodynamic flow makes the disconnected A-rich phase more dispersed.
As mentioned before, for the off-critical components, the order parameter at equilibrium can be different from the initial one by adjusting the chemical reaction rate constants externally. For this system dominated by reversible isomerization chemical reaction, the spatially averaged order parameter ͗͘ evolves as follows:
‫͗͘ץ‬ ‫ץ‬t The time evolution of domain size R(t) for the offcritical blend with hydrodynamic effects is shown in Fig. 9 . Like that of the critical system, it is a scale-variant process due to the coupling of hydrodynamic effects and chemical reaction. For the case of high reaction rate, it is a little simpler than those of the other cases. After the initial transient, the domain size grows up to its equilibrium value. On the other hand, for the intermediate and low reaction rates, the coarsening of domains is more complicated.
IV. CONCLUSIONS
In this paper, we have carried out the numerical studies of phase separation dynamics of a binary mixture with reversible isomerization chemical reaction. We have investigated the hydrodynamic effects on the domain pattern and the domain growth process by introducing the modified Navier-Stokes equation. In this calculation, the kinetics of phase separation of the mixture is described by the wellknown model H. Our simulation results reveal that various patterns are obtained due to the coupling of hydrodynamics and chemical reaction. For the case of high reaction rate constant, when the average order parameter at equilibrium is equal to zero, some spiral structures appear due to the delicate coupling between the hydrodynamic flow and chemical reaction regardless of the value of initial order parameter. For the case of low reaction rate, an interesting pattern is observed under the critical quench, which seems like the result of double phase separation, but in our case it can be attributed to the coupling of hydrodynamics and chemical reaction. However, at low chemical reaction rate, and under the off-critical quench, phase inversion behavior is observed, and it is aggravated under the hydrodynamic flow. For the case of intermediate chemical reaction rate, more interesting patterns are obtained regardless of critical or off-critical quench due to the delicate coupling between hydrodynamic effects and chemical reaction. However, despite the pattern variety due to the complicated spatial distribution of order parameter, the basic behaviors of chemical reaction kinetics are not altered.
We have also investigated the effects of hydrodynamics on domain growth process. For the case of low reaction rate, the growth exponent follows the law of R(t)ϰt 1/3 after the initial transient, when the value of viscosity of the system is high enough to neglect the hydrodynamic effects. The growth exponent follows the law of R(t)ϰt 2/3 before equi- 
FIG. 9. Test of the scaling form R(t)ϰt
␣ with ϭ1. ͑a͒ int ϭ0.1, ϭ0, and ͑b͒ int ϭ0.1, ϭϪ0.1.
librium when the value of viscosity is so low that the hydrodynamic effects must be considered in the critical system. For the off-critical mixtures, the growth exponents are in close accordance with those of critical quench when the reaction rates are low. Moreover, whether it is critical or offcritical quench, for the case of high reaction rate, the domain growth exponent decreases due to the inhibition of domain growth resulting from the competition of chemical reaction and phase separation.
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